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Abstract: We have developed a technique to characterize
the in vitro propagation of viruses. Microcontact printing
was used to generate linear arrays of alkanethiols on
gold surfaces, which served as substrates for the pat-
terned culture of baby hamster kidney (BHK-21) cells. Ve-
sicular stomatitis virus (VSV) was added to unpatterned
cell reservoirs adjacent to the patterned cells and incu-
bated, setting in motion a continuously advancing viral
infection into the patterned cells. At different incubation
times, multiple arrays were chemically fixed to stop the
viral propagation. Viral propagation distances into the
patterned cells were determined by indirect immunoflu-
orescent labeling and visualization of the VSV surface
glycoprotein (G). The infection spread at approximately
50 um/h in the 140-uym lines. Moreover, different tempo-
ral stages of the infection process were simultaneously
visualized along individual lines. These stages included
initiation of infection, based on G protein expression;
cell-cell fusion, based on virus-induced clustering of cell
nuclei; and cytoskeletal degradation, based on localized
release of cells from the surface. This work sets a foun-
dation for parallel, high-throughput characterization of
viral and cellular processes. © 2003 Wiley Periodicals Inc.
Biotechnol Bioeng 81: 719-725, 2003.
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INTRODUCTION

During the last century, the development of plaque assays
has facilitated the study of viruses that infect plant (Beijer-
inck, 1898), bacterial (d’Herelle, 1917; Twort, 1915), and
animal (Dulbecco, 1952) hosts. Initially, these assays re-
vealed the particulate nature of viruses and provided a re-
liable means to measure their infectious titer. The assay is
performed by applying a dilute solution of viruses to a
monolayer of susceptible host cells. Each virus particle ad-
sorbs to a cell and initiates a spreading infection that even-
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tually becomes visible to the unaided eye as a “plaque,” or
an island of dying or dead cells surrounded by a sea of
uninfected cells. By counting the plaques and knowing the
volume and dilution of solution added, one can calculate the
concentration of infectious particles in the original solution.
As a useful byproduct of the assay, the relative sizes,
shapes, and turbidities of plaques have historically served to
classify virus mutants (Block et al., 1993; Cooper, 1961;
Dallo et al., 1987; Gong et al., 1989; lizuka et al., 1989).
Furthermore, because the virus progeny within a plaque
have descended from a single virus particle, single plaques
provide a useful source of genetically pure virus (Sambrook
et al., 1989). Alternatively, if a plaque is cultured for an
extended period of time, mutant viruses may emerge, and
the plaque can provide an opportunity to study the evolu-
tionary dynamics of virus populations descended from a
single virion Lee and Yin, 1996; Yin, 1993).

In addition to genetic and evolutionary information, we
envision that plaque-based methods of virus culture and
characterization will also eventually furnish data-rich re-
ports on the in vitro dynamics of viral infections. Three
limitations, however, must be overcome. First, it is not clear
to what extent the intracellular kinetics of the numerous
reactions involved in infectious processes can be extracted
from the observable plaque size, plaque morphology, or
plaque expansion rate. Although it may be known in spe-
cific cases why the plaque of a mutant virus grows faster or
to a larger size than that of a wild-type virus, it is not yet
known how differences in mechanisms or rates of intracel-
lular reactions quantitatively influence plaque sizes. Sec-
ond, plaque sizes and expansion rates only provide infor-
mation on cytopathic effect (CPE), or cell death, a relatively
late stage of the virus—cell interaction. They reveal no in-
formation on earlier stages such as the dynamics of innate
cellular responses to infection, or the production of viral
mRNAs, proteins, genomes, or progeny viruses. Third, the
cell culture environment is often poorly defined. Although
progress has been made toward understanding how cell cul-
ture conditions, including the presence of serum in culture



media, affect cell growth and proliferation (Iyer et al., 1999;
Terramani et al., 2000), and how agarose gel overlays re-
strict the free diffusion of virus particles (Duca et al., 2001),
experiments are typically performed on tissue culture poly-
styrene (TCPS), a material with a surface chemistry that is
heterogeneous (Steele et al., 1995). The nature of the inter-
action between living cells and the surfaces to which they
adhere can have wide-reaching effects on the cell physiol-
ogy or degree of differentiation (Chen et al., 1997, 1998;
Dike et al., 1999; Franco et al., 2000; Healy et al., 1996;
Lewandowska et al., 1992). Therefore, in vitro surface
chemistries can indirectly or directly influence virus—cell
interactions.

These challenges are not insurmountable, and initial
progress is being made on all fronts. To address the first
point, mathematical modeling of the processes involved in
viral infection has provided a framework around which to
begin to understand the connection between intracellular
viral growth, mechanisms of cell-to-cell transport of vi-
ruses, and observed propagation rates (Yin and McCaskill,
1992; You and Yin, 1999). On the second point, viral and
host components present during various stages in a spread-
ing infection have been labeled using immunocytochemistry
and visualized with fluorescence microscopy, revealing
early events that occur well ahead of visible CPE (Duca
et al., 2001). This methodology has revealed dramatically
different host responses to viral infection that were not vis-
ible by the traditional plaque assay. However, this assay was
performed in multiwell tissue culture polystyrene plates,
giving the researcher little means of controlling surface
chemistry or cell geometry. Finally, to begin to address the
third point, we show here how cell-patterning methods us-
ing self-assembled monolayers to create well-defined cell
positions may enhance our ability to control and monitor
propagating viral infections.

Self-assembled monolayers (SAMs) provide a means to
control the molecular composition of cell culture substrates
and, therefore, a means to influence cell adhesion (Ostuni
et al., 1999). Alkanethiols on gold surfaces are a versatile
class of SAMs, and they can be patterned easily by a variety
of methods. Microcontact printing has gained popularity for
patterning cell culture substrates because it is a flexible,
reproducible method for generating molecularly defined re-
gions in a variety of shapes with dimensions ranging <1 pm
to >100 pwm (Kane et al., 1999). This methodology has been
especially useful for identifying extracellular cues that regu-
late growth, differentiation, or apoptosis in cells (Chen
et al., 1997, 1998; Dike et al., 1999).

As a model system, we studied vesicular stomatitis virus
(VSV) propagation in linear arrays of baby hamster kidney
(BHK-21) cells. VSV is well characterized (Rose and Whitt,
2001), has a wide host range, grows readily in culture, and
induces clear CPE in many cell lines. Furthermore, com-
mercially available antibodies to the surface glycoprotein of
VSV enable monitoring of viral protein production via im-
munofluorescent labeling. In this study we demonstrate a

method to control and characterize the in vitro propagation
of VSV on micropatterned linear arrays of its host cells.

MATERIALS AND METHODS

Microcontact Printing

Production of stamps used in microcontact printing through
photolithographic processes has been described previously
(Chen et al., 1998; Kane et al., 1999). Microcontact printing
substrates, 22-mm glass cover slips (Corning No. 2) or glass
microscope slides (Fisher Scientific, Itasca, IL), were
cleaned in piranha solution at 80°C for 30 min and rinsed
for at least 2 min in ultrapure water (deionized water, >18.2
m{)-cm resistivity). They were then dried with nitrogen and
baked at 120°C for 12 to 48 h. Optically transparent thin
films of titanium (50-A thickness) and gold (100-A thick-
ness) were evaporated onto the coverslips.

Stamping was as described previously (Dike et al., 1999),
except a 2 mM solution of hexa(ethylene glycol)-terminated
alkanethiol [HS(CH,),,(OCH,CH,),OCH;] in ethanol was
used instead of a tri(ethylene glycol)-terminated alka-
nethiol.

Cell Seeding Onto Micropatterned Substrates

The patterned coverslips were treated with a solution of 25
pg of fibronectin per milliliter of solution in sterile phos-
phate-buffered saline (PBS; Sigma, St. Louis, MO) at room
temperature for 2 h. They were then rinsed twice with 75
mL of sterile PBS and placed into six-well plates containing
2 mL of serum-free culture medium prior to cell seeding.
Cells were harvested, resuspended in growth medium con-
taining 10% serum, and seeded at a concentration of 5 x 10°
cells/well in 2-mL volumes. All cell culture conditions were
as described previously (Duca et al., 2001).

Infection of Baby Hamster Kidney (BHK) Cells
With VSV

Methods of rinsing samples and applying the agarose over-
lay were as described previously (Duca et al., 2001). Infec-
tions of BHK cells with VSV were initiated by introducing
virus to the unpatterned cell reservoirs directly adjacent to
the patterned cell arrays. A plug of agarose approximately
the size of the unpatterned area (15 mm x 5 mm) along the
beginning of the patterned lines was removed to form a
small virus deposition reservoir. A concentrated stock of
vesicular stomatitis virus (VSV-Indiana serotype, Mudd—
Summers strain) as cell culture supernatant at 5 x 10° pfu/
mL was diluted in infection medium to the desired concen-
tration of 5 x 107 pfu/mL. Each well received 30 wL of virus
solution. Plates remained in the incubator until the times
designated for fixation. Fixation was as previously de-
scribed (Duca et al., 2001).
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Visualization of Viral and Cellular Markers
by Immunocytochemistry

Virus propagation into the patterned cells was monitored by
staining for the presence of the VSV envelope surface gly-
coprotein (G protein). Staining techniques were performed
as previously described (Duca et al., 2001), except for the
use of equine serum (Hyclone, Inc.) for the first blocking
rinse, and donkey serum (Jackson ImmunoResearch, West
Grove, PA) for the second blocking rinse to prevent non-
specific antibody binding. After labeling was completed,
samples were stored at 4°C in a solution of PBS or PBS/
0.01% sodium azide, or mounted onto microscope slides
with ProLong Antifade Mounting Kit (Molecular Probes,
Inc.)

Image Collection, Processing, and Analysis of
Patterned Surfaces

All image collection and processing was performed as de-
scribed previously (Duca et al., 2001). Measurements of
propagation distance were made using SCIONIMAGE v1.62a
(National Institutes of Health). The propagation distance
was directly measured manually from the point of infection
initiation to the leading edge of the infection. The average
propagation velocity was determined by linear regression of
the distance per time data. Although uncertainty was intro-
duced by the manual determination of the infected distance
endpoint, the variability in distance measurements among
different times of measurement was <2%, which is consid-
erably less than the variation in replicate measurements.
These measurements were also verified by determining the
plot profiles of selected lines, using the plot profile com-
mand in SCIONIMAGE. The maximum percent difference be-
tween manual measurements versus using the profile
method was <4%, which is also less than the variation in
replicate measurements of propagation distance.

RESULTS AND DISCUSSION

Using Microcontact Printing to Pattern
Substrates and BHK Host Cells

Control over the in vitro spread of virus can be facilitated by
supplying spatially contiguous, susceptible host cells along
the desired direction of propagation. Baby hamster kidney-
21 (BHK-21) cells were patterned in arrays of various
widths (40, 80, and 140 pwm; Fig. 1) separated by uniform
nonadhesive spacings of 100 wm. Although cells were
slightly elongated along line boundaries, we saw no detri-
mental effects of the patterning on cell viability. The few
poorly adhered cells that were visible within the lines ap-
peared to result from cell division, whereas those cells lo-
cated in the cell-resistant regions were rounded due to the
lack of adhesive area available for cell attachment.

Determination of Characteristic Velocity Profiles

VSV G protein is visible in locations where intact virions or
free G protein is present. Because the infection was local-

Figure 1. BHK cells patterned in 140-pm, 80-pm, and 40-pm-wide
lines, separated by 100-wm spaces, at 19 h postplating. Part of the unpat-
terned reservoir can be seen at the far left of the image.

ized along the beginning of the lanes, the viruses were
forced to spread from cell to cell. In the unpatterned assay,
cells are plated into multiwell tissue culture polystyrene
plates, the infection is initiated in the center of the cell
monolayer, and the virus then spreads from cell to cell in a
radial fashion. The propagation distance of VSV G protein
is shown (Fig. 2a and b) in two patterned samples of cells
fixed and stained for the VSV G protein at 12 and 36 h
postinfection, respectively. If several lane arrays are fixed at
different postinfection timepoints, a characteristic viral
propagation velocity can be determined by taking the slope
of the propagation distance versus time postinfection.

We found that VSV spread with a roughly constant rate in
both patterned and unpatterned host cells, as reflected by the
45 + 1.3 pm/h and 54 + 3.5 pm/h velocities of propagation,
respectively (Fig. 3). Student’s t-test was used to compare
the mean propagation velocities between patterned and un-
patterned samples. The probability that the two means are
not different is 0.0176; at the 95% significance level, these
velocities are statistically significant from one another. The
difference in viral propagation between patterned and un-
patterned samples may arise from differences in the geom-
etry of spread, or differences in the interactions of the host
cells or viruses with the underlying surface chemistry, is-
sues that are currently under investigation.

The viral spread was not due to simple diffusion of the
initial virus inoculum. If free diffusion were the dominant
mode of viral propagation, the propagation distance would
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1.21 mm
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Figure 2. VSV infection in patterned BHK-21 cells. Propagation distances
are shown at (a) 12 h and (b) 36 h postinfection. The dashed line indicates
the boundary above which the infection was initiated. Arrows at each
timepoint indicate measured viral propagation distances based on detection
of immunofluorescently labeled viral G protein.

be expected to depend on (time)"? instead of the observed

linear dependence on time. The exact propagation velocities
from the two surfaces must be compared with care, as the
radial spread of virus in traditional (unpatterned) cell culture
systems uses a different method to calculate the average
propagation distance (Duca et al., 2001). Moreover, the ge-
ometry of the two systems may permit viruses produced in
unpatterned cells to adsorb to greater numbers of nearest-
neighbor host cells than viruses replicating in patterned
cells. The viability of the cells on these surfaces remained
high (>85%, as determined by trypan blue exclusion)
throughout the time course of these experiments.

The observed linear trend of propagation velocity was
also independent of the line widths for line widths of 40, 80,
and 140 pm (Fig. 4). Apparent drops in propagation dis-
tance can arise as the time postinfection increases (Fig. 3),
because multiple samples are needed to generate each
propagation curve. Thus, this drop in propagation distance
does not indicate that the viral front is regressing, but rather
that plate-to-plate variation exists between samples. To la-
bel the viral surface protein, the samples must be chemically
fixed, stopping propagation at each postinfection timepoint.
A way to address this challenge is to track viral propagation
in real time by monitoring a single infected sample through-

T T T T

- Unpatterned BHK
Cells on TCPS

Patterned
BHK Cells,

VSV G protein (mm)
L R T ¥ B R = ]

Propagation Distance,

140 pm lines
0 20 40 60 80 100
Time post-infection (hr)

Figure 3. Propagation profiles of VSV in patterned and unpatterned
BHK cells show similar trends. Monolayers of BHK cells were cultured on
each surface for approximately 16 h prior to infection. The propagation
rates were found to be 55 wm/h and 44 wm/h for corresponding unpat-
terned and patterned cells, respectively. The average propagation rate was
taken as the slope of the best-fit line to the data, with linear correlation
coefficients of 0.99156 and 0.96195 for unpatterned BHK cells on TCPS
and 140-pm lines, respectively. Data points represent the mean area
equivalent radius + the standard error of the mean. The propagation dis-
tance in unpatterned BHK cells on TCPS was determined by measuring the
total infected area in a sample and calculating a radius from this area (six
samples per point). The propagation distance in patterned cells (20 to 40
samples per point) was measured linearly from the starting point of the
infection at the beginning of the lines to the end of the infection within the
line, as denoted by the change in fluorescence.

out the entire course of the experiment using recombinant
VSV constructs that contain the gene that encodes the pro-
duction of green fluorescent protein (GFP). Viral propaga-
tion can be tracked as propagation progresses, as GFP is
produced along with viral proteins, and the presence of GFP
does not compromise the ability of VSV to infect BHK cells
(Boritz et al., 1999; Stillman and Whitt, 1999).

Spatial Resolution of Different Stages
of Infections

As a viral infection spreads, its leading edge continuously
initiates new infections in receptive host cells. Trailing back
from the leading edge, the host cells exist at many different
stages of infection. Figure 5a illustrates the boundary be-
tween infected and uninfected cells at the leading edge of
the propagation front and shows that the viral front was seen
in advance of the cytopathic effect. In the uninfected cells,
the individual cell nuclei were distinctly visible, and there
was no viral marker visible. In the cells that were recently
infected, directly to the left of the uninfected cells, distinct
nuclei were still visible, but the G protein was colocalized
with the nuclei. There was no cell damage visible by phase-
contrast at this stage of infection. Relative to Figure Sa,
Figure 5b shows a more advanced stage of infection. Sig-
nificant nuclear changes became apparent, and cell nuclei
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Figure 4. Line width differences do not result in differences in the propa-
gation of VSV in patterned BHK cells. Monolayers of BHK cells were
cultured on the surface for approximately 16 h prior to infection. The
propagation rates of VSV on 140-pm, 80-pwm, and 40-pm lines were
calculated to be 45 wm/h, 37 wm/h, and 46 pm/h, respectively. The aver-
age propagation rate was taken as the slope of the best-fit line to the data,
with linear correlation coefficients of 0.96195, 0.95737, and 0.98747 for
140-pm, 80-pm, and 40-pwm lines, respectively. Data points represent the
mean area equivalent radius + the standard error of the mean of 20 to 40
samples per point.

and viral protein were colocalized. Organized nuclear struc-
tures are common indicators of cell fusion, and they can
take many geometric forms ranging from tightly packed,
elongated rows of nuclei to the ring structures seen here
(Holmes and Choppin, 1968; Wang et al., 1979). Many
viruses are fusogenic and are capable of inducing cell fusion
and nuclear rearrangement (Holmes and Choppin, 1968;
Wang et al., 1979). These rings are formed by the move-
ment of nuclei from several cells into the fused cell body
through many elements of the cytoskeleton, including mi-
crotubules and 10-nm intermediate filaments (Holmes and
Choppin, 1968; Wang et al., 1979, 1981). VSV is capable of
inducing cell fusion, typically in a low pH-dependent man-
ner. Figure 5c shows few visible nuclei; by this time, most
cells were infected and had suffered severe, virus-induced
cytopathic effects. The disorganization of the nuclear ring
formations (Fig. 5c) would be consistent with the interac-
tion of the matrix protein, or M protein, with tubulin, as this

interaction is believed to be the underlying cause of the
microtubule disorganization (Melki et al., 1994). In culture,
such interactions normally initiate cytoskeletal reorganiza-
tion and, in BHK cells, cause cells to round (Blondel et al.,
1990; Melki et al., 1994) and detach from tissue culture
surfaces. As shown in Figure 5d, the nuclear label was no
longer visible, consistent with an infection stage where cells
had detached from the surface. The leading edge of this bare
area was characterized as the death front, or the final cyto-
pathic effect that resulted from viral infection.

Applications and Implications for Technology

The integration of microcontact printing and immunofluo-
rescence microscopy has enabled the development of a new
technique that describes the infection process in a specific
virus—host system through the viral propagation velocity.
The advantages to using the patterned surfaces to charac-
terize the dynamics of viruses and their host cells are four-
fold. First, the patterned surfaces offer greater potential con-
trol over the molecular level structure of the cell substrate
than tissue culture polystyrene. The control introduced by
self-assembled monolayers has enabled previous investiga-
tions of biospecific, molecular interactions between cells
and surfaces (Franco et al., 2000; Lewandowska et al.,
1992; Mrksich, 2000). The importance of surface interac-
tions with host cells during viral infections is illustrated by
the ability of weakly adherent cells to present the viral gly-
coprotein on the cell surface, in contrast to strongly adherent
cells, which instead secrete the glycoproteins (Kabat et al.,
1985). Because of the reliance of viruses on host cell re-
sources, it is quite likely that controlled surfaces will impact
the study of viruses through additional effects exerted on
host cells.

Second, the control of geometries also lends itself well to
the testing of cellular mechanisms that are involved in viral
spread. In many viral systems, the use of the cellular struc-
tural filaments is key in releasing virions from the cell (So-
deik, 2000). By using SAMs, we can control the direction
and alignment of the cells, which may enable us to increase
our understanding of the underlying structural mechanisms
that affect the efficiency of viral spread. Cells typically
exhibit orientation or direction in their native environments,
and this orientation can play a significant role in virus
propagation. For example, influenza virus and VSV exhibit

Direction of propagating infection

M e e ————————

Little to no

infection @ | Early stage b

Figure 5.

Late stage

C Cell death

Spatial resolution of dynamic changes in cell morphology following viral infection of patterned cells. The virus infection front was initiated

at the far right edge and gradually propagated to the left along the patterned cell arrays. Different temporal stages of infection were visible at different
locations along the arrays. The arrays were 80 wm wide and the sample was fixed for staining at 42 h postinfection.
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opposite trafficking patterns in polarized epithelial cells,
such as MDCK cells. Influenza exits through the apical
domain, whereas VSV exits through the basolateral domain
(Flint et al., 2000).

Third, patterned cell arrays provide an opportunity to
track different virus populations in a controlled environ-
ment. When an infection is initiated with a roughly clonal
viral population, the directionality of the host cells may
allow the emergence of fast-growing mutations to be iden-
tified within the virus populations confined in separate
lines. Also, if multiple virus populations are present in sepa-
rate lines on the array, they may each have dramatically
varied susceptibilities to an antiviral agent that is added
uniformly to the sample.

Finally, because infections in each line may be initiated
independently of one another, many parallel “experiments”
can be performed within a single multiline sample. This
parallelism eliminates much of the materials and labor re-
quired to perform these experiments in cells on traditional
surfaces, and also helps to minimize the experimental varia-
tions that occur due to differences between samples. For
example, here the use of patterned surfaces has allowed us
to increase by 10- to 20-fold the number of replicates per
cell substrate, reducing up to 33-fold the amount of antibody
needed per measured propagation distance. However, a key
point of this assay is that the patterns are maintained such
that the lines remain independent of one another. The array
patterns remained defined throughout the course of the ex-
periment, up to approximately 90 h after the cells were
initially plated. When samples were stained for the presence
of viral protein and cell nuclei, no evidence was found that
would suggest cells or viral proteins were present outside of
the initial patterned area for cell adhesion. It has been shown
in the literature that cellular patterns of fibroblasts can be
maintained in culture for up to 7 days (Luk et al., 2000).
However, to study this system over a longer time period,
SAMs containing protein-resistant groups more effective
than oligo(ethylene glycol), such as mannitol (Luk et al.,
2000), may support the development of this technique as a
screening and characterization tool for virus—host cell sys-
tems.

We seek to complement and enrich methods to charac-
terize the intra- and extracellular dynamics of viral infec-
tions. Currently, in vivo methods provide the most natural
host-cell context for investigating viral propagation and host
innate and adaptive immune responses to infection, but they
are material- and labor-intensive to implement, because it is
difficult to monitor individual processes when only the final
disease state can be observed. Alternatively, in vitro meth-
ods often focus on single viral replication cycles and spe-
cific molecular details, with less attention given to the host-
cell context and its potential effect on the cell-virus dynam-
ics. We have begun to incorporate desirable features of both
in vivo and in vitro methods by propagating viral infections
on patterned cells. Self-assembled monolayers have enabled
us to control cell placement and geometry while retaining

the accessibility of viral mechanisms and cellular responses
to probing by in vitro techniques.

A long-term goal of tissue engineering is to create envi-
ronments that enable cultured cells to closely mimic the in
vivo structure and function of tissues. Advances in under-
standing how physical, chemical, and biological cues in the
extracellular environment influence cell behavior will im-
prove our ability to create more in vivo-like virus culture
systems. Such systems will support the evaluation of anti-
viral agents and contribute to the development of improved
strategies for treating viral disease.

The authors thank Michelle Arnold, Vy Lam, Jaz Bansel, and
Rahul Shah, as well as the research group of Prof. Nicholas
Abbott, for their invaluable technical contributions to this work.
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